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repeatedly at high temperatures, damage on a material due to the creep deformation, and crack nucleation and 
the propagation on a material due to fatigue will cause early fracture. A continuous decrease in fatigue life with 
increase in tension hold time has been studied in 316L(N) stainless steel [4]. Similarly, the creep damage and 
fracture behaviour of 316L(N) stainless steel and its weld metal have been elaborately discussed [5]. The 
increase in dislocation density with decrease in strain rate at 773 K and 823 K having a tangled arrangement 
and uniform distribution in the matrix has been studied on 316L (N)[6]. The influence of nitrogen on carbide 
precipitation [7] and the role of strain amplitude on cell formation in austenitic alloys have been studied by a 
number of researchers [8-11]. Thus it is understood that the microstructural and mechanical behaviour of this 
steel have been thoroughly studied over the years to understand the creep-fatigue life of this steel through 
metallurgy and mechanical testing. 
In recent years, ultrasonic non-destructive testing and evaluation (NDT&E) has been proven to be a 
sensitive tool not only for the flaw evaluation of industrial components and structures but also for the 
characterisation of microstructure, texture, mechanical properties, etc., of the materials, especially austenitic 
steels in nuclear industry [12-14]. The microstructural characterisation of cast, normalised and annealed steel 
has been carried out using ultrasonic techniques [15]. The average grain size has been estimated in austenitic 
stainless steel using longitudinal and shear wave ultrasonic velocity [16]. Ultrasonic non-destructive 
characterisation and evaluation of austenitic stainless steel [17] with different heat treatment conditions have 
been successfully studied to explore the change in microstructures and mechanical properties. 
In the present investigation, an attempt has been made to evaluate the changes in microstructure on different 
fatigue and creep-fatigue damaged austenitic 316L(N) stainless steels employing ultrasonic non-destructive 
testing and evaluation technique. The ultrasonic velocity, attenuation and elastic moduli have been measured in 
316L(N) stainless steel at room temperature. In order to explore the creep-fatigue interaction on 316L(N), on-
line ultrasonic studies have been performed over a wide range of temperatures from 300 to 623 K.  
2. Experimental details 
AISI 316L(N) stainless steel rod with length of 25 mm and diameter of 10 mm was used in the present 
investigation for both the fatigue and creep-fatigue testing. Instron 1343 servo hydraulic machine with a facility 
of radiant heating furnace was used for the above tests. Constant strain amplitude (Δt) ± 0.6 % and strain rate (
ε ) of 3 x 10-3 s-1 was maintained in total axial strain control mode at a constant temperature of 923 K. 
Continuous cycling fatigue tests and creep-fatigue experiments have been made using respectively a triangular 
wave form and introducing the different hold times such as 1 and 10 min. The details of different fatigue and 
creep-fatigue conditions are given below: (i) as received condition (as a reference, termed as sample A), (ii) 
No. of cycles 301 with continuous cycling (fatigue damaged, termed as sample B), (iii) No. of cycles 324 with 
continuous cycling (fatigue damaged, termed as sample C), (iv) No. of cycles 600, holding time 1 min. (creep-
fatigue damaged, termed as sample D) and (v) No. of cycles 346, holding time 10 min. (creep-fatigue damaged, 
termed as sample E). Longitudinal sections of the fatigue and creep-fatigue tested samples were used. The 
fracture surface of all the samples was examined using PSEM 501 scanning electron microscope (SEM) to 
explore the behaviour of the crack initiation and propagation. Longitudinal sections of the fatigue and creep-
fatigue tested samples were used. 
For ultrasonic measurements (both longitudinal and transverse waves), 5 MHz frequency piezoelectric 
ceramic transducers were used. A high temperature furnace was indigenously designed and fabricated for the 
purpose of precise ultrasonic velocity and attenuation measurements, through transmission technique with 
wave guides (buffer rods). Details of the high temperature measurement set up and the subsequent precise 
ultrasonic measurements can be found elsewhere [18]. Measurements were made in the temperature range from 
300 to 623 K with a slow rate of heating (1 K per min). Density of the samples was measured employing 
Archimedes principle. From the measured densities (ρ) and ultrasonic velocities (longitudinal wave velocity, 
UL and transverse wave velocity, US), elastic (longitudinal, shear, bulk & Young's) moduli, mean velocity, UM 
and impedance, Z of all the samples have been obtained by employing the conventional relations [18]. 
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3. Results 
Longitudinal sections from the fatigue and creep-fatigue damaged samples were examined employing a 
SEM to study the crack initiation and propagation behaviour on the surface of the damaged samples. Figs. 1a 
and b reveal the existence of the crack initiation from the surface connected slip bands and the crack 
propagation on samples B and C. The observed fatigue crack initiation and propagation are transgranular in 
nature on sample B and C (Figs. 1a, and b). The microstructure of the samples D and E (Figs. 2a, and b) show 
that the crack initiation is intergranular and the crack propagation is a mixed mode of transgranular and 
intergranular (Fig. 2a and b). The enhanced oxidation assisted by the crack initiation was observed in the 
samples D and E. However, a heavily cavitated grain boundaries, fatigue striations and intergranular cracks 
were observed in sample E (Fig. 2b). 
 
 
                                               (a)        (b) 
Fig. 1. SEM micrographs of the fatigue damaged samples: (a) sample B and (b) sample C. 
      
 
(a)       (b) 
Fig. 2. SEM micrographs of the creep-fatigue damaged samples: (a) sample D and (b)  sample E. 
For a constant temperature, say at room temperature (300 K), ρ, UL, US, longitudinal attenuation (αL), shear 
attenuation (αS), acoustic impedance (Z) and  mean velocity  (Um) of the different fatigue and creep-fatigue 
damaged 316L (N) samples at 5 MHz are given in Table 1. An increase in ultrasonic velocities and attenuation 
(both longitudinal and transverse wave) was observed for fatigue damaged samples (B and C) in comparison 
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with as received sample A and also as the number of cycles increases from 301 to 324. Similarly, an increase in 
mean velocity Um was also observed with increase in number of cycles, while at the same time the acoustic 
impedance Z shows an initial decrease in sample B and an increase in sample C. The density of the sample B 
lies in between the sample A and C. A decrease in ultrasonic velocities (both UL & US) and an increase in 
ultrasonic attenuation with increase of hold time from 1 min. (D) to 10 min. (E) were observed (Table 1). A 
gradual increase in density, and acoustic impedance was observed similar to attenuation and the decrease in 
mean velocity was observed similar to the velocity when the number of hold time increases. 
Table 1. Density (ρ), ultrasonic longitudinal velocity (UL), shear velocity (US), longitudinal attenuation (αL), shear attenuation (αS), 
acoustic impedance (Z) and  mean velocity  (Um) in AISI 316L (N) stainless steel at 5 MHz. 
Sample 
ρ 
kg m–3 
UL US αL αS Um 
m s- 
Z 
x 106 m s–1 dB cm–1 
A 
B 
C 
D 
E 
8031.4 
7938.8 
8013.3 
7969.6 
8003.2 
5738 
5747 
5752 
5749 
5733 
3102 
3109 
3116 
3114 
3100 
0.28 
0.33 
0.34 
0.36 
0.40 
0.34 
0.36 
0.40 
0.41 
0.42 
3467 
3469 
3477 
3474 
3473 
27.84 
27.54 
27.86 
27.69 
27.79 
 
Elastic moduli such as longitudinal (L), shear (G), bulk (K) and Young’s (Y) modulus and Poisson’s ratio 
(σ) for the different fatigue and creep-fatigue damaged 316L (N) stainless samples are shown in Table 2. An 
increase in longitudinal, shear and Young’s modulus and a decrease in bulk modulus and Poisson’s ratio were 
observed in fatigue damaged samples (Table 2) when the number of cycles gets increased. A decrease in 
longitudinal and bulk modulus and Poisson’s ratio, and an increase in shear and Young’s modulus were 
observed in creep-fatigue samples when the hold time is increased from 1 min. (D) to 10 min. (E). 
Table 2. Longitudinal (L), shear (G), bulk (K) & Young’s (Y) modulus, and Poisson’s ratio (σ) of the different fatigue and fatigue and 
creep damaged 316L (N) stainless steel. 
Sample 
L G K Y 
σ 
GPa 
A 
B 
C 
D 
E 
264.4 
265.3 
265.7 
264.9 
263.9 
77.5 
77.7 
77.8 
77.3 
77.6 
161.1 
162.9 
162.0 
161.9 
160.6 
200.4 
199.0 
201.2 
200.0 
200.4 
0.2926 
0.2965 
0.2930 
0.2941 
0.2920 
 
The temperature dependence of longitudinal velocity and attenuation in all samples from room temperature 
to 623 K is shown in Figs. 3a and b respectively.  A general decrease in velocity and an increase in attenuation 
were observed in all the samples with increase in temperature. However, the magnitude of variation in velocity 
and attenuation is very small up to 450 K, beyond which a higher magnitude of variation in velocity and 
attenuation have been observed in all the samples up to 623 K (stage II). In stage II, the velocity and 
attenuation in sample C shows a close variation as that of sample A, while in sample E and D a higher 
magnitude of variation than sample B and C. The magnitude of variation in sample B is relatively higher than 
samples C and A. However, in samples B and C, a monatomic increase in velocity and decrease in attenuation 
with increase in number of cycles were observed. On the other hand, a decrease in velocity and an increase in 
attenuation with increase in hold time i.e., from sample D to E were observed 
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Fig. 3.  Dependence of (a) longitudinal velocity and (b) attenuation of different fatigue and creep-fatigue damaged samples as a function 
of temperature from room  temperature to 623 K. The lines are guide to eyes. 
4. Conclusions 
Results of the ultrasonic measurements (room temperature and upto 623 K) was correlated with the basic 
metallurgical studies carried out earlier on AISI 316L(N) stainless steel with different fatigue and creep-fatigue 
damaged conditions. Following are the conclusions drawn from the present investigation: 
• The observed increase in velocity on specimen C than on B and A is attributed to the stress relaxation 
caused by the initiation of precipitation and microcracks. 
• The reduction in velocity in specimen E than in specimen D is due to the enhanced oxidation and creep 
damage at grain boundaries that accelerated the oxidation assisted transgranular fracture. 
• The variation in room temperature ultrasonic parameters among as received, fatigue damaged and creep-
fatigue damaged is not distinguishable much in certain cases. The changes observed seem to be within the 
error band limits. However, measurements made at elevated temperatures on the same specimens show more 
distinguishable features. This means that it is possible to differentiate as received, fatigue damaged and 
creep-fatigue damaged specimens / components more easily from the ultrasonic parameters obtained from 
elevated temperatures. 
• High temperature ultrasonic velocity and attenuation measurements show a distinct feature having two 
stages. In the stage I, there is only a gradual change in ultrasonic parameters, whereas beyond 450 K, there is 
a wide variation observed in the ultrasonic parameters. This observed higher magnitude of decrease in 
velocity and increase in attenuation beyond 450 K reveals the potential of ultrasonic measurements for an 
on-line monitoring of fatigue and the creep-fatigue damages that occur during the service life of the 
materials / components. 
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